The appearance of microalbuminuria in diabetic patients predicts development of macroalbuminuria and coronary heart disease. Autonomic dysfunction in ischaemic heart disease is related to an increased incidence of arrhythmic deaths. To assess sympathovagal balance in relation to microalbuminuria we performed 24-h spectral analysis of RR interval oscillations in 37 insulin-dependent diabetic patients. Patients were divided according to urinary albumin excretion as normo-( < 20 gg/min) (n = 12), micro-( > 20 and < 200 gg/min) (n = 14) and macro-albuminuria ( > 200 gg/min) (n = 11). None had symptoms or signs of ischaemic heart disease at clinical examination or during stress testing. Fourteen matched healthy subjects served as controls. Overall RR interval variability was calculated as the 24-h standard deviation. The square root of power of the low-frequency (0.04-0.15 Hz) and high-frequency (0.15-0.40 Hz) component were considered indices of the sympathovagal interaction and vagal function, respectively. Patients with micro and macroalbuminuria had, compared to control subjects, significantly reduced 24-h standard deviation, a much smaller day/night difference in mean RR level and a significantly reduced amplitude of the low frequency and high frequency oscillations, which were even more reduced in macroalbuminuria. The differences in vagal function were also present after correction for mean RR level, and differences in physical training level and smoking. Insulin-dependent diabetic patients who develop microalbuminuria have significantly impaired vagal function and abnormal sympathovagal interaction, which is further deranged in macroalbuminuria. This early autonomic dysfunction may later contribute to a increased risk for sudden cardiac death. [Diabetologia (1994) 37: 788-796] 
incidence of coronary heart disease is very high, even during the first years of macroalbuminuria [2] . The appearance of slightly elevated urinary albumin excretion (microalbuminuria), is an early and good predictor for subsequent development of macroalbuminuria [3, 4] .
Impaired cardiac autonomic function both in experimental and clinical studies predicts sudden cardiac death in coronary heart disease [5--8]. Severe autonomic dysfunction in diabetic patients, as evaluated by bedside tests, is associated with a poor prognosis, and case reports have related this to sudden cardio-respiratory death [%14] . Quantification of RR interval fluctuations can be used to estimate autonomic activity.
Results based on 24-h ECG recordings indicate that these measurements are more sensitive than ordinary bed-side tests to detect early autonomic neuropathy in diabetic patients [15] [16] [17] . Reduced overall 24-h RR interval variability (24-h SD) is associated with a high independent risk of sudden cardiac death in patients with established coronary heart disease [6] [7] [8] 18 ]. The 24-h SD is a broad band measure of autonomic function reflecting both sympathetic and vagal activity. The power spectral analysis of RR interval fluctuations has provided a powerful new tool with which to assess the sympathovagal balance by analysis of 24-h ECG recordings [19, 20] . The aim of the present study was to assess the sympathovagal function in IDDM patients in relation to degree of albuminuria.
Subjects and methods
Patients: Fourteen healthy subjects and 37 IDDM patients were studied [16] . Upon clinical examination 12-lead ECG and stress test they were without symptoms and signs of heart disease. This was performed as a graded exercise test on an electronically braked ergometer bicycle, increased by 50 W every 3 rain, until exhaustion. Finally, patients were found to be without regional wall motion abnormalities during an echocardiographic examination. None were receiving cardiovascular medication during the study period, except for one patient taking 40 mg furosemide daily for lower extremity oedema. Patients were divided into groups according to their urinary albumin excretion, based on three samples during an observation period of at least 6 months: < 20 p.g/min (normoalbuminuria), > 20 and < 200 gg/min (microalbuminuria), and > 200 gg/min (macroalbuminuria) [4, 21] . Urinary albumin excretion was determined together with glomerular filtration rate. The former by radioimmunoassay, the latter by the constant infusion technique with 1-125 Iothalamate as marker, using 4-5 urine collection periods.
Patients were classified with regard to their participation in leisure-time physical activity as: 1) active in competitive sports (Active); 2) participants in leisure-time physical exercise (Intermediate); 3) not participants in such activities (Passive) [22, 23] . As there were few Active, the Active and Intermediate group were considered together.
Measurement of RR interval." The 24-h ECGs were recorded by a
Tracker two-channel tape recorder during daffy routine activities. Replay, QRS detection and measurement of the RR interval were performed by the Reynolds Pathfinder II system and our own software. We have previously evaluated the performance of this system with regard to QRS and RR interval detection [24] . The replay unit uses a phase-lock loop system and a speed surveyor, by which speed errors that might influence RR interval variability measurements can be omitted. Only cycles in which beats have normal morphologic characteristics are used for analysis. Additionally all intervals over 1.6 s and intervals deviating more than -33 % and + 66 % from the preceding interval, were discharged. In the case of 24-h test tapes recorded with exact RR intervals, measured mean RR corresponds exactly to true RR for test intervals 500-2000 ms. The beat to beat variation, for 24-h recordings of 1000 ms test intervals, calculated as the SD was 3 ms [24] .
Each 24-h recording was split into awake and sleep time. Sleep time was approximated according to diaries and a heart rate trend curve (heart rate per min). The typical pattern of the transition zone from being awake to sleep and vice versa were in-789 cluded in wake-time. Sleep time, therefore, consists of pure time spent sleeping.
Time domain analysis:
We calculated the following time domain indices of RR interval variability: 1) the day-night difference in the mean RR and 2) overall variability as the SD of all intervals around the mean RR.
Frequency domain analysis: power spectral analysis of RR interval fluctuations evaluates the autonomic modulation of shortterm RR interval variability. The respiratory dependent HF osdilations of 0.15-0.40 Hz are mediated purely by vagal activity [19, 25] . The power in the HF band is highest in the supine position [19, 20, 26] , is reduced in the upright position and completely abolished by atropine [19, 25] . The square root of power of the HF component is linearly related to vagal tone as determined pharmacologically [25] . LF oscillations in the band of 0.04-0.15 Hz are mediated by an interaction of sympathetic and vagal activity. In the supine position the power is highly dependent on vagal activity, whereas in the upright position both sympathetic and vagal activity contributes to these fluctuations [19, 25] . The spectral power of the HF and LF component can be estimated in 5-min RR interval segments [19, 20, 25, 27] . As we only wanted to identify and quantitate these two components, we used a model-based analysis. The 24-h RR interval file was divided into consecutive 5-min segments, which were analysed separately. Power spectral analysis requires that time series data are equidistantly sampled. RR interval data inherently lack this equidistant character because each datum occurs whenever a QRS complex is detected. Therefore RR interval files were time equidistantly sampled at 4 Hz, using an IPFM algorithm [27, 28] . Linear interpolation was used for periods with invalid data [27] . To qualify at least 70 % of each segment should be normal intervals. After antiallasing, the files were downsampled to 1 Hz, then high-pass filtered with a lower limit of 0.04 I-Iz. After Hamming weighing the autocorrelation function was determined and used as input to the spectral analysis. We found that a model-based technique (Autoregressive method) performed better than the Fast Fourier technique [29] , as it was more efficient in determining the centre frequencies, and thereby improved the signal to noise ratio. The ability to track and focus on the varying centre frequencies (Linear predicting coding technique) made it possible to eliminate more background noise. The magnitude of the two spectral components are given as the square root of power (ms). For the HF component we also calculated the coefficient of component variance (square root of power/mean RR) (CCV HF). This parameter accounts for a possible impact of mean RR level on the amplitude of the HF component [25] . The amplitude of the smallest RR interval oscillation which can be detected validly corresponds to a square root of power of approximately 2.0 ms. At or below this level any oscillation in the frequency band of 0.04-0.4 Hz cannot be distinguished from oscillations imposed by the recording and analysis system (testtapes). Figures for square root of power are given as a mean for all 24-h and for separate sleep and awake time. Figure 1-3 A shows the preprocessed 24-h RR interval files from a healthy control subject and two diabetic patients with micro-and macroalbuminuria. In Figures 1-3 B heart rate trend curves are shown and in Figures 1-3 C the 24-h spectral amplitude curves.
Statistical analysis
BMDP software was used. Differences between groups, for discrete variables, were evaluated by chi-square test. For continuous parameters, right skewed distributions were logarithmic transformed and values of 0.0 were entered as 0.04. Group differences were tested by the t-test, or by Mann-Whitney tests. The correlation between degree of albuminuria, clinical characteristics and RR interval variability was tested by Kendalls Tau and linear trend. Group differences in LF, HF and CCV-HF were also tested after correcting for differences between groups in leisure-time physical activity and smoking (which have an impact on LF and HF values), using coefficients from healthy subjects [231 .
Results
Clinical characteristics of the patients are shown in Table 1 . Patients with macroalbuminuria had longer diabetes duration than patients with normoalbuminuria. Control of blood glucose (HbAlc) was identical in the three groups. Although there was no significant difference between groups with regard to physical activity and smoking a significant trend towards less physical activity by increasing albuminuria, was present (p = 0.02). Table 2 shows mean 24-h values for both short-and long-term RR interval variability, and in Table 3 figures for separate awake and sleep time. Table 4 shows the mean centre frequencies of the LF and HF component. All three groups of patients had significantly reduced mean RR level (faster heart rates) compared to healthy control subjects. However, the three groups did not differ significantly. Patients with micro and macroalbuminuria had attenuated day-night difference in mean RR level, whereas normoalbuminufic patients were not different from control subjects. The 24-h SD was significantly reduced in patients with micro and macroalbuminuria, whereas normoalbuminuric patients did not differ from healthy control subjects. Short-term RR interval variability including both the LF and HF component was attenuated in patients with microalbuminuria compared to control subjects, and was severely reduced in macroalbuminuric patients. The LF component was most affected during wake time. The mean centre frequency of this oscillation was significantly more low frequent in micro and macroalbuminuric patients. Figure 4A and B show individual values for spectral amplitude of the LF and HF component, in the four groups. The coefficient of component variance for the HF oscillations (CCV-HF) was significantly reduced in patients with micro and macroalbuminuria. Individual values displayed in Figure 5 shows that the normoalbuminuric and healthy control group appear alike. Numbers of patients with values at or below the lowest value of the control group were 0 of 12 (0%), 7 of 14 (50%) and 7 of 11 (65%) for the normo, micro and macroalbuminuric groups, respectively. An increasing degree of albuminuria was associated with an increased decay in all components of short-term RR interval variability (p < 0.01). The reduced amplitude of the LF, HF and CCV-HF component in the micro and macroalbuminuric groups was also present after correcting for impact of differences in leisure-time physical activity and smoking. 
Discussion
Determination of autonomic dysfunction in diabetic patients has so far primarily been based on a simple and standardized battery of bedside tests [30] . Evaluation of autonomic activity by 24-h RR interval variability, makes it possible to study the spontaneous activity in the autonomic system while the subject is ambulant [15, 16, 20, 26] . Recent data indicate that diabetic patients may have another diurnal rhythm in autonomic bal- ance with a relative sympathetic overactivity during sleep [26] . The 24-h measurement seems to be more sensitive than bedside tests [15] [16] [17] . Clinical reports suggest that diabetic patients with severe autonomic neuropathy have a poor prognosis [10] . The issue has, however, not been addressed in large-scale prospective studies. Nevertheless, it is increasingly recognized that autonomic dysfunction contributes independently to the pathophysiology of sudden cardiac death [6, 7, 31, 32] in patients with ischaemic heart disease. Diabetic patients have an increased risk of cardiovascular death which is not entirely explained by their different cardiovascular risk profile [33] . In IDDM patients the occurrence of macroalbuminuria (proteinuria) is associated with a high risk of early cardiovascular death [1, 34] . The incidence of coronary heart disease is very high in the first years after the onset of macroalbuminuria [2]. The appearance of persistent slightly elevated urinary excretion of albumin -microalbuminuria, is a very good predictor of subsequent development of macroalbuminuria, as without intervention 85 % develop proteinuria [3, 4] . Microalbuminuria also predicts proteinuria and cardiovascular mortality in non-insulin-dependent diabetic patients [21, 35] . This association between microangiopathy and macroangiopathy indicates that microalbuminuria is a marker of a generalized disease in the vascular wall of both small and large vessels.
Our study is the first which has addressed IDDM patients with a potential high risk for subsequent development of ischaemic heart disease. At the time of our investigation they were without clinical signs of coronary heart disease. However, we did not perform invasive investigations, which leaves the possibility that some of the patients could have silent coronary heart disease. The severity and prevalence of cardiac autonomic dysfunction are, however, unlikely to be due to coronary disease. The small difference in diabetes duration between normo-and macroalbuminuric patients may explain some of the significant differences observed. Furthermore, we did find an identical control of blood glucose in the three groups. Our data, therefore, indicate that at the microalbuminuric stage a significant autonomic dysfunction is already present. However, the difference between the normo and microalbuminuric group was only present for CCV HF and centre frequency of LE The 24-h SD, which is a broad band measure of autonomic activity, was significantly reduced in microalbuminuric patients and severely reduced in macroalbuminuric patients. The 24-h SD is a strong independent predictor of sudden cardiac death in patients with coronary heart disease [6, 18, 36, 37] , A 24-h SD less than 50 ms or a corresponding heart rate variability index less than 20 [6] indicates a profoundly increased risk of arrhythmic death in survivors of myocardial infarction [6, 18] . These studies included diabetic patients but did not address their prognosis separately. One of our patients with microalbuminuria and three of the patients with macroalbuminuria had such severely reduced overall variability. An important component of overall variability is the basic diurnal rhythm in mean RR-the wake sleep difference in mean RR. The physiological background for this basic circadian rhythm is unknown. But the increase in mean RR during the night is thought to be due to a withdrawal of sympathetic activity during sleep. The diminished day-night difference in mean RR in the micro and macroalbttminuric patients may therefore indicate an increased sympathetic activity during the night, as proposed previously [26] . The short-term components of RR variability contribute less numerically to total variability, but their physiological origin is much more clear [19] . We have previously shown, by use of simple time-domain indices of vagal tone, that vagal activity is substantially reduced in micro and macroalbuminuric patients [16] . The present data, based on the spectral analysis of RR interval variability confirms this finding as the spectral amplitude of the HF component was significantly attenuated in both groups. For mathematical reasons, some of the reduction in intensity of the HF component in the micro and macroalbuminuric group may be due to the observed averaged shortening of mean RR (faster mean heart rate). However, the coefficient of component variance of the HF oscillation, which accounts for such differences in mean RR level, was still significantly reduced in both groups. Even more, a difference in vagal tone between normoalbuminuric and microalbuminuric patients became evident. Vagal activity was significantly higher during sleep in all three groups, as in the control group and as has been seen in other non-diabetic populations [20, 22] . There was, however, a tendency towards a more pronounced reduction in vagal activity during sleep relative to time awake in micro and macroalbuminuric patients.
Sympathetic activity is mediated through RR interval oscillations in the frequency band of 0.0 to 0.15 Hz. The spectral amplitude of the LF oscillations (0.04-0.15 Hz) is mediated interactively by vagal and sympathetic activity. In the upright position, as during time awake, the spectral power is largely dependent on sympathetic activity [19] . The LF component was mostly affected during time awake, not only in its amplitude but also in a significant shift in centre frequency. As vagal tone was also reduced it is not possible to establish whether these changes are caused by an absolute or relative sympathetic overactivity in the micro and mac-1. roalbuminuric patients. However, in all four groups there were no significant differences in the wake/sleep ratio of the LF component.
2. These findings show that in IDDM patients with micro and macroalbuminuria both short and longterm components of RR interval variability are pro-3. foundly affected. This is caused primarily by a reduced vagal tone and very likely also by a relative sympathetic overactivity. This pattern of autonomic dysfunction is identical to the characteristics of patients at 4. high risk of sudden cardiac death and of survivors of sudden cardiac death [7, [37] [38] [39] [40] . It is not known 5. whether these changes in our diabetic patients have identical prognostic and pathophysiological significance as to what has been described in mainly nondiabetic patients with coronary heart disease [6, 7] . However, it is well recognized that normal vagal reactivity is an important protective factor in the pathophysiology of malignant ventricular arrhythmias [5, 7. 31], as it acts as a buffer against high sympathetic activity [32] . The secondary preventive effects of betablockers on mortality and sudden cardiac death are particularly impressive in diabetic patients [41] . If 8. diabetic patients generally lack vagal tone, they will be more sensitive to sympathetic overactivity. Recent 9. data show that beta blockers may also improve vagal tone [42] . The effects of beta blockers on autonomic 10. balance have, however, not been specifically addressed in diabetic patients with evidence of autonomic 11. imbalance. Nevertheless, this indirect evidence sup-12. ports the hypothesis that the autonomic dysfunction in diabetic patients may be of clinical importance, a point 13. which should be clarified in prospective studies.
In conclusion the appearance of microalbuminuria 14. in IDDM patients predicts subsequent development of macroalbumiuria and coronary heart disease. Our data indicate that these patients have impaired autonomic balance even at the microalbuminuric stage. The autonomic dysfunction in particular affects vagal tone but may also be associated with sympathetic overactivity.
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This autonomic imbalance is very similar to what has been observed in patients with ischaemic heart disease at high risk for sudden cardiac death. The autonomic dysfunction may therefore have clinical importance for the subsequent risk of arrhythmic death, in these IDDM patients at potentially increased risk for coronary heart disease.
